ZnO and ZnS are both good photocatalysts, but their band gaps are too wide for efficient use under sunlight. In this work, solid solutions formed by the addition of a small amount of AlN or GaN to ZnO and AlP or GaP to ZnS are studied with firstprinciples calculations. Energies of mixing are low in all cases and addition of a small amount of solute can significantly reduce the band gap. Results for the different solid solutions are compared.
Introduction
Many semiconductors with good photocatalytic properties have band gaps that are too large for absorption of visible light. Thus they have low efficiencies under sunlight. Two such examples are ZnO and ZnS [1] , with band gaps of 3.2 eV and 3.6 eV, respectively. Doping is one strategy for reducing the band gap and thus increasing visible-light absorption. For example, nitrogen or sulfur doping of oxide semiconductors can increase the valence band energy and thus enhance visible-light photocatalytic activity [2, 3] . However doping can cause poor crystallinity and increase the rate of recombination losses [4, 5] .
Co-doping and solid solution formation are alternative approaches to reducing band gaps and enhancing visiblelight absorption. For example, GaN-rich GaN-ZnO solid solutions are promising visible-light photocatalysts [6] . CdS-ZnS and AgInS 2 -CuInS 2 -ZnS solid solutions are active for photocatalysis of hydrogen evolution under visible light [7, 8] . We have recently predicted that GaP-ZnS solid solutions should have band gaps that are in the energy range of visible light and smaller than those of either constituent on its own [9] .
In this work, we show based on density functional theory calculations that addition of a small amount of AlN or GaN to ZnO and either AlP or GaP to ZnS give significant reductions in the band gaps. These solid solutions are therefore promising photocatalysts to be used under sunlight and also for other applications that require a tunable band gap in the energy range of visible light.
Computational methods
The electronic properties of ZnO-AlN, ZnO-GaN, ZnS-AlP and ZnS-GaP solid solutions were calculated with the CRYSTAL09 code [10, 11] , using previously published basis sets. The B3LYP hybrid method [12, 13] was used for the ZnO solid solutions; for the ZnS solid solutions, the B3PW hybrid method [14] was used with 15 % Hartree-Fock exchange energy mixed with the DFT exchange-correlation energy. These methods were chosen to reproduce, as closely as possible, the experimentally measured band gaps and lattice parameters. For the same reason, basis set parameters for the valence functions were re-optimized; details of the basis sets are given elsewhere [9, [15] [16] [17] .
For ZnO-AlN, a simulation cell containing either 32 atoms (a 2×2×2 expansion of the primitive wurtzite unit cell) or 16 atoms was used. For ZnS-AlP and ZnS-GaP, a simulation cell containing 16 atoms was used (a 2×2×2 expansion of the primitive zinc blende unit cell). The Monkhorst-Pack grid for k-points sampling was set at a minimum of 12×12×12 for the Brillouin zone; convergence with respect to the number of k-points was checked. Electronic band structures and densities of states were calculated after a full geometry optimization of all lattice parameters and atomic positions.
Only orderings in which each Al or Ga atom has one bond to N or P are studied here. For ZnS-AlP and ZnS-GaP, there is only one such arrangement of the atoms possible in the simulation cell used. For ZnO-AlN, results are presented for the lowest energy ordering. The effect of ordering will be investigated in future work.
Energies of mixing were calculated from the equation (using ZnO-AlN as an example):
Results and discussion
The energies of mixing and band gaps of the solid solutions are shown in Table 1 . The energies of mixing are small for all solid solutions. This is expected, since the lattice parameters are always similar for the two constituents of the solid solution (maximum of 4.4 % difference in lattice parameters for ZnO-AlN, based on the experimental lattice parameters). These low energies of mixing are in contrast to the much higher energy for nitrogen doping of ZnO (15 kJ/mol for addition of one nitrogen atom to a simulation cell containing 32 atoms) and suggest that synthesis of these solid solutions should be achievable, as has already been demonstrated for ZnO-GaN [6] .
For ZnO, the energies of mixing are slightly lower for addition of AlN than GaN (Table 1 ) -the reasons for the variation between the different compounds will be explored in future work.
Addition of only 6.25 at% of AlN or GaN to ZnO causes a significant decrease in the band gap (Table 1) and brings the band gap into the correct energy range for absorption and emission of visible light. Increasing the concentration to 12.5 at% gives an even larger reduction of the band gap. The band gaps are significantly smaller than those of pure ZnO, GaN and AlN, consistent with experimental results for GaN-rich ZnO-GaN [6, 18] . The band gaps are similar for both ZnO-GaN and ZnO-AlN, while the energies of mixing are slightly smaller for ZnO-AlN, suggesting that this system may be promising for visible-light photocatalysis.
Similarly, addition of only a small amount of AlP or GaP to ZnS causes a significant decrease in the band gap (Table 1) , compared with the band gap of pure ZnS; again, the band gap is in the correct energy range for absorption and emission of visible light.
The densities of states show that the top of the valence band is formed by nitrogen or phosphorus states (Fig. 1) . Compared with the nitrogen states, the phosphorus states are less localized and isolated, suggesting that the ZnS solid solutions may have better charge transport properties than the ZnO solid solutions.
The bottom of the conduction band is formed predominantly by zinc, gallium and aluminium states. Aluminium makes a smaller contribution to the conduction band in ZnO-AlN than gallium does in ZnO-GaN, consistent with the different electronegativities of these elements.
Synthesis of ZnO co-doped with Al/N and Ga/N has been previously reported [19, 20] and the material quality was higher than for nitrogen-doped ZnO, in agreement with the formation energies presented here. Our computational results suggest that high visible-light photocatalytic activity should be achievable with these solid solutions through optimization of the composition and synthesis conditions.
Conclusions
Solid solution formation allows significant reduction of the band gaps of ZnO and ZnS. The solid solutions have low energies of mixing, suggesting that co-doping or solid solution formation are more effective strategies for band gap modification than addition of single dopants. Large reductions in the band gaps can be achieved with only small solute additions, indicating that it may be possible to enhance visible-light absorption of ZnO and ZnS without disrupting the photocatalytic properties of these semiconductors.
Both aluminium and gallium compounds give very similar band gap reductions when added to ZnO or ZnS. However, aluminium is less expensive than gallium; also, ZnO-AlN solid solutions have lower energies of mixing than ZnO-GaN solid solutions. Hence, addition of aluminium compounds to ZnO and ZnS may be a promising approach for band gap reduction of these photocatalytic materials.
Only results for the orderings in which each aluminium or gallium atom has one bond to a nitrogen or phosphorus atom are presented here; the band gap of the solid solutions depends strongly on atomic ordering and this is discussed in detail elsewhere [9, 15, 16] .
